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US 9,323,275 B2 
1. 

PROPORTIONAL TO ABSOLUTE 
TEMPERATURE CIRCUIT 

FIELD 

The present disclosure relates to a method and apparatus 
for generating an output that is temperature dependent. More 
particularly the present disclosure relates to a methodology 
and circuitry configured to provide an output signal that is 
proportional to absolute temperature. Such an output signal 
can be used in temperature sensors, bandgap type Voltage 
references and different analog circuits 

BACKGROUND 

It is well known that temperature affects the performance 
of electrical circuitry. The resistance or conductivity of elec 
trical components varies dependent on the temperature of the 
environment within which they are operating. Such under 
standing can be used to generate circuits or sensors whose 
output varies with temperature and as such function as tem 
perature sensors. The output of such circuits can be a propor 
tional to absolute temperature, PTAT output or can be a 
complimentary to absolute temperature, CTAT, output. A 
PTAT circuit will provide an output that increases with 
increases in temperature whereas a CTAT circuit will provide 
an output that decreases with increases in temperature. 
PTAT and CTAT circuits are widely used in temperature 

sensors, bandgap type Voltage references and different analog 
circuits. A Voltage which is proportional to absolute tempera 
ture (PTAT) may be obtained from the base-emitter voltage 
difference of two bipolar transistors operating at different 
collector current densities. A corresponding PTAT current 
can be generated by reflecting the base-emitter Voltage dif 
ference across a resistor. With a second resistor of the same 
type and having the same or similar temperature coefficient 
(TC), the base-emitter voltage difference can be gained to the 
desired level. 

These known circuits can Suffer from mismatch arising 
from the currents that are used to bias the component bipolar 
transistors that are used to generate the PTAT Voltage. 

SUMMARY 

These and other problems are addressed a proportional to 
absolute temperature, PTAT, circuit provided in accordance 
with the present teaching. By judiciously combining circuit 
elements it is possible to generate a Voltage at an output node 
of the circuit that is temperature dependent. The circuit ele 
ments are coupled to a single biasing current. Desirably, the 
circuit elements comprise bipolar transistors and by avoiding 
the need for a second current source to drive the bipolar 
transistors of the PTAT circuit the present teaching avoids the 
problems associated with mismatch. Such a PTAT circuit can 
be used as a temperature sensor or can be combined with other 
temperature dependent circuits to provide a Voltage refer 
CCC. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments which are provided to assist with an under 
standing of the present teaching will now be described, by 
way of example, with reference to the accompanying draw 
ings, in which: 

FIG. 1 is a schematic showing components of an illustra 
tive circuit provided in accordance with the present teaching; 
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2 
FIG. 2 is a graph showing simulation data of the output 

PTAT Voltage of the circuit of FIG. 1 verses temperature; 
FIG. 3 is a graph showing simulation data of the output 

PTAT Voltage non-linearity of the circuit of FIG. 1 verses 
temperature; 

FIG. 4 is a graph showing simulation data of how changes 
in the biasing current provided to the circuit of FIG. 1 is 
reflected in changes in the output PTAT Voltage; 

FIG. 5 is a graph showing simulation data of the corre 
sponding noise Voltage density 

at 25° C. from 0.1 Hz to 10 Hz: 
FIG. 6 is a graph showing simulation data of the corre 

sponding integrated voltage noise from 0.1 Hz to 10 Hz: 
FIG. 7 is a schematic showing components of an illustra 

tive circuit provided in accordance with the present teaching; 
FIG. 8 is a schematic showing components of an illustra 

tive circuit provided in accordance with the present teaching; 
FIG. 9 is a graph showing simulation data of the perfor 

mance of a circuit per the teaching of FIG. 8: 
FIG. 10 is a schematic showing components of an illustra 

tive circuit provided in accordance with the present teaching; 
FIG. 11 is a schematic showing components of an illustra 

tive circuit provided in accordance with the present teaching; 
FIG. 12 is a graph showing simulation data of the output 

Voltage verses temperature of a circuit per the teaching of 
FIG. 11; 

FIG. 13 is a graph showing simulation data of the output 
Voltage verses its nonlinearity of a circuit per the teaching of 
FIG. 11; 

FIG. 14 is an example of a circuit provided in accordance 
with the present teaching incorporating PTAT and CTAT 
component cells to generate a temperature compensated out 
put Voltage; and 

FIG. 15 is a graph showing a simulated Voltage output 
verses temperature for the circuit of FIG. 14. 

DETAILED DESCRIPTION 

The present teaching provides a proportional to absolute 
temperature, PTAT circuit which is configured to generate a 
Voltage at an output node of the circuit that is temperature 
dependent. The circuit comprises a plurality of circuit ele 
ments that are coupled to a single biasing current. Desirably, 
the circuit elements comprise bipolar transistors and by 
avoiding the need for a second current Source to drive the 
bipolar transistors of the PTAT circuit, the present teaching 
avoids the problems associated with mismatch. Individual 
ones of the circuit elements are grouped into arms of the 
circuit and the single biasing current is divided between the 
arms. In this way the circuit elements of a first arm can 
compensate for performance of circuit elements in a second 
arm such that a self-compensating circuit is provided. Such a 
PTAT circuit can be used as a temperature sensor or can be 
combined with other temperature dependent circuits to pro 
vide a Voltage reference. 
The present teaching will now be described with reference 

to exemplary arrangements. As shown in FIG. 1 the present 
teaching provides a proportional to absolute temperature 
(PTAT) circuit which is configured to provide a PTAT Voltage 
at an output thereof. The circuit comprises a plurality of 
circuit elements, shown as bipolar transistors, which are 
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arranged relative to one another such that the Voltage pro 
vided at an output node o2 is dependent on the emitter ratio 
between the individual transistors. 

The circuit is arranged into three arms. In a first arm a first 
PNP bipolar transistorqp1 is coupled to a first NPN bipolar 
transistor qn1, and to a first MOS device mn1. A second arm 
of the circuit comprises a second PNP bipolar transistorqp2 
and a second NPN bipolar transistor qn2. A third arm of the 
circuit comprises a third PNP transistorqp3 and a third NPN 
transistor qn3. Each of the three arms is coupled to a single 
current source I1. The source is arranged relative to the three 
arms such that the bias current provided by the source is 
divided down each of the three arms as three equal currents. 
This is advantageously achieved by tying the emitters of each 
of the three PNP transistors to a common node which is biased 
by the same bias current I1. 
Two of the PNP bipolar transistors qp1 and qp3 are selected 

to have unity emitter size. In a similar fashion two of the NPN 
bipolar transistors qn2 and qn3 are selected having unity 
emitter size. The second PNP bipolar transistor, qp2, and the 
second NPN bipolar transistor, qn1, are selected to have in 
times unity emitter area. 

The third PNP transistor, qp3, is provided in a diode con 
figuration with its base coupled to the collector. In a similar 
fashion the third NPN transistor, qn3, is provided in a diode 
configuration. Each of these two transistors, qn3, qp3, are 
commonly coupled. 
The base of the second NPN transistor, qn2, is coupled to 

the common base/collector of the third NPN transistor. The 
collector of this NPN transistor, qn2, is coupled to the diode 
configured second PNP transistor, qp2. This common node is 
then also coupled to the base of the first NPN transistor, qn1. 
This first NPN transistor, qn1, is also coupled to the first MOS 
device min1. 

In this way a base-emitter Voltage difference generated 
from the ratio of the two bipolar transistors operating at a 
higher collector current density, qp3 and qn3, to that of the 
two bipolar transistors of a low collector current density, qp2 
and qn1, is reflected across the MOS device, mn1. This base 
emitter voltage difference is: 

kT (1) 
Vo2 - Vol = V (gp3) + V (qn3) - Vi (gp2) - V(qn 1) = 2 : g : ln(n) 

The difference in emitter area can be different for each of 
the NPN bipolar transistors and PNP bipolar transistors. 
As can be seen from Eq. 1 the output Voltage difference, 

V-V, is obtained from the base-emitter voltage differ 
ence of bipolar transistors operating at different collector 
current densities and is therefore PTAT Voltage. This PTAT 
voltage is, at the first order, independent of the bias current I1. 
This Voltage depends only on the emitter area ratio, n. 
The circuit of FIG. 1 exhibits very little sensitivity to mis 

match arising from differences in the devices used in the 
circuit. In an ideal situation with each of unity emitter area 
NPN devices being identical and each of the unity emitter 
area PNP devices being identical, then the current in each of 
the three arms can be considered the total bias current I1/3. 

It will be understood that there will always be a mismatch 
between the corresponding bipolar transistors. For a mis 
match from qn2 and qn3 the collector current of qn3 deviates 
from its ideal value I1/3 to a new value I1/3+AI. For a given I1 
current and qp1 and qp3 assumed to have no mismatch a 
corresponding-AI1 current is reflected from the second arm 
to the first and the third arm. In this scenario the base-emitter 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
Voltage of qip2 increases as its collector current increases from 
I1/3 to I1/3+AI, and the base-emitter voltage of qn1 decreases 
as its collector current decreases from I1/3 to I1/3-AI/2. As a 
result the base-emitter Voltage of qip2 increases and the base 
emitter voltage of qn1 decrease such that the variation of the 
total base-emitter Voltage is reduced. 

In effect each of the arms serves to compensate for varia 
tions in the other arising from the mismatch. In other words, 
a self-compensating circuit is provided. 
A similar demonstration can be made for the mismatch of 

qp1 and qp3. 
Another important benefit derived from a circuit such as 

that shown in FIG. 1 is related to the base current compensa 
tion. It will be understood by those of ordinary skill that for a 
mature bipolar process the complementary bipolar transis 
tors, pnp and npn, have, at a first order approximation, their 
“beta’ factors balanced. With this assumption it can be shown 
that in a circuit such as shown in FIG. 1, all base currents are 
compensated: the base current of qp3 is compensated by the 
base current of qn3; the base current of qp1 is compensated by 
the base current of qn2; the base current of qp2 (large emitter 
area) is compensated by the base current of qn 1 (large emitter 
area). 

Another important benefit derived from this circuit that 
generates an output Voltage based on differences in base 
emitter Voltages is related to its low output impedance. This is 
important when the output node is loaded or similar circuits 
are stacked one on top of the others. If the output impedance 
of the cell is not negligible then the output Voltage is sensitive 
to load variation. It will be appreciated that a nested amplifier 
is formed with qp1, qn1, mn1 where min1 is inside the closed 
loop. The output impedance of mn1 is reduced by the loop 
gain factor of this amplifier. 
The Voltage noise at the output node, especially low band 

noise (from 0.1 Hz to 10 Hz), is low because: 
the noise injected from the vadline via the bias current I is 

greatly attenuated by the ratio of the impedance seen at 
the common emitter node of qp1, qp2, and qp3 

2 
(in do ~ ...) 8m 

to the output impedance of the current mirror generating 
the bias current I1, usually large; 

mn1 noise is also attenuated as it controls a second order 
parameter (base-collector Voltage) of bipolar transistors, 
qp2 and qn2: 

qn2, qp3, and qn3 are diode connected devices generating 
minimum Voltage noise; 

all bipolar transistors not connected as diodes have their 
base nodes connected to low impedance nodes of other 
bipolar transistors diode connected. 

To demonstrate these benefits, a circuit according to FIG. 1 
was simulated using silicon proved models. It will be under 
stood that such a simulation is provided to demonstrate the 
efficacy of a circuit provided in accordance with the present 
teaching and it not intended to limit the present teaching to the 
specifics of the simulation. However for the sake of under 
standing the following details the simulation circuit: bias 
current I=3 uA (PTAT), emitter area ratio, n=25, mn1 with 
W=10, L=6. 
The output PTAT Voltage verse temperature and its nonlin 

earity for a temperature range from -40°C. to 85°C. are 
plotted in each of FIGS. 2 and 3. As is evident from an 
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inspection of the data, the output PTAT Voltage at 25°C. is 
~162 mV and its maximum deviation from the straight line is 
-71 uV or 0.01%. 
The output voltage sensitivity to the bias current variation 

was tested in simulation by altering the bias current with 10%, 
(+/-0.15 uA). The output voltage variation due the 10% 
change in bias current is plotted in FIG. 4. As can be seen from 
FIG. 4 a 10% change in bias currents is reflected as 43 LV 
change in output Voltage which is -0.026% or negligible. 

Similarly the corresponding noise Voltage density 

(in 
at 25°C. from 0.1 Hz to 10 HZ was determined and is plotted 
in FIG. 5. The integral Voltage noise (root mean square, rms, 
noise) from 0.1 Hz to 10 Hz, is plotted in FIG. 6. From an 
inspection of the simulation data it will be evident that 
another advantage of a circuit provided in accordance with 
the present teaching is very high power Supply rejection ratio, 
PSRR, more than 140db with an ordinary bias current. 

FIG. 7 shows an exemplary circuit provided in accordance 
with the present teaching, which is configured to further 
reduce errors arising from mismatch in individual compo 
nents of the circuit. In this configuration, which includes 
similar components to that already described with reference 
to FIG. 1, the two diode connected bipolar transistors of the 
third arm, qp3 and qn3, can be made as an array of "m'similar 
bipolar transistors; i.e. fabricated from a plurality of indi 
vidual transistors. In this way mismatches arising from qp3 to 
qp1 and qn3 to qn2 are reduced but the base-emitter Voltage 
difference from the nodes ol and ol remains according to 
equation (1). As evident from an inspection of the operation of 
the circuit of FIG. 7 per the operation equation, equation 2 
that follows, the base-emitter voltage difference from the 
nodes o2 to ol is: 

(T,) 

Vo2.01 = Ve(qp3) - Vie (gp2) + Ve(qn3) - Ve(qn 1) (2) 

kT ( 1 in kT ( 1 in 
= -ln - : -- 3: n + -ln - : - } n i 1 ) q \m 1 ) 

kT 
= 2-ln(n) 

i 

FIG. 8 shows an example of another circuit provided in accor 
dance with the present teaching. In this circuit, which is 
implemented in a full bipolar implementation there is less 
sensitivity to base-collector Voltage variation effect, some 
times known as the Early effect. The Early effect is the varia 
tion in the width of the base in a bipolarjunction transistor due 
to a variation in the applied base-collector voltage. As will be 
known to those of skill in the art, the threshold voltage of 
MOS transistors have large process variations. In the circuit 
of FIG. 8, the NMOS transistor, min1, of FIGS. 1 and 7, across 
which the base-emitter voltage is developed is replaced with 
a bipolar equivalent circuit. Here bipolar transistorqp4 act as 
a follower biased with a small bias current I2 and qn4 and qn5 
forms a Darlington pair. It will be appreciated that in Such a 
configuration, the current amplified by the first transistor is 
amplified further by the second one. As can be seen from an 
inspection of FIG. 8, the base node of the output transistorqn5 
will be close to the collector voltage of qn1 due to the two 
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6 
base-emitter Voltages of qp4 and qn4 going in opposite direc 
tion; one up (qp4) and one down (qn4). 

It will be appreciated that with less sensitivity to base 
collector voltage variation effects than the circuit of FIG. 1, 
that a circuit provided in accordance with the teaching of FIG. 
8 will be less sensitive to variations in the bias current I1 as 
compared to the circuit of FIG. 1. To demonstrate this, a 
circuit according to FIG.8 was simulated at ambient tempera 
ture with the bias current I1 changed from an initial value to 
values approximating +/-10% the initial value. The output 
voltage variation is plotted in FIG. 9 and as can be seen a 
+/-10% variation of the bias current is reflected as about 
+/-16 uV in the output voltage. This variation is effectively 
negligible. 

Another example of a circuit that may be provided in 
accordance with the present teaching is shown in FIG. 10. In 
this circuit, the bias current I 1 of FIG. 1 is replaced by a 
resistor r1 coupled to a Voltage source Vdd. One advantage of 
the circuit of FIG. 10 is that it is self-biased and need no extra 
bias current and auxiliary start-up circuit. As a result the 
circuit has a quick time response characteristic and its sensi 
tivity to the bias current variation is even smaller. One reason 
to select a circuit per the teaching of FIG. 1 over that of FIG. 
10 is related to PSSR degradation to about 60 db to 70 db at 
low frequencies, but for high frequency operations a circuit 
per the teaching of FIG. 10 can be advantageously employed. 

Another example of a PTAT Voltage circuit provided in 
accordance with the present teaching is illustrated in FIG. 11. 
In this circuit, the implementation is achieved with all npn 
bipolar transistors. 

There are threenpnbipolar transistors of unity emitter area, 
qn3, qn5 and qn6, two npin bipolar transistors having in times 
unity emitter area, qin1 and qn2, and one transistor having m 
times unity emitter area, qn4. The collector current of qn5 is 
mirrored via two PMOS (or bipolar) transistors, mp1 and mp2 
to the collector of qn1. A single bias current I1 is again 
provided and is divided down through qn3 and qn2 based on 
m factor. 

It will be appreciated that for m=1 the collector currents of 
qn2 and qn3 are very much closed. For m=2 the bias current 
I1 is divided down in three components with two thirds of the 
bias current flowing through qn3 and qn4 and one third flow 
ing through qn2 and qn6. As a result of this division of a single 
bias current into different arms of the circuit, the base-emitter 
Voltage difference from qn3 plus qn4 to qn 1 plus qn2 is 
reflected at the output node, o2, which is the drain terminal of 
the NMOS transistormin1. This transistor along with qn1 and 
mp2 forms a nested amplifier with mn1 inside the closed loop. 
A circuit according to FIG. 11, biased with 1 uA PTAT 

current, and with parameters: unity emitter bipolar transistor 
of 4 umx4 um; n 25; m=2; mp1 and mp2 with aspect ratio 
W/L-20 um/30 Lum, mn1 with aspect ratioW/L=100 um/4 um 
was simulated. As was described above with reference to the 
simulation of the circuit of FIG. 1, it is not intended to limit 
the present teaching to any one set of simulation data. 
The output voltage and its non-linearity as derived from the 

simulation are plotted in FIGS. 12 and 13. As will be seen the 
temperature sensitivity of the simulated circuit is 192 
mV/30OV or 0.64 mV/ C. 

Different circuit variants can be developed based on the 
circuit of FIG. 11. When the supply voltage is large enough 
the number of Stacked bipolar transistors can be increased 
from two to three or any other number. As a result of such 
stacking it is possible to increase the temperature sensitivity 
and to reduce the errors. A single cell or a stack of similarly 
configured cells can be used as a PTAT Voltage component of 
a bandgap type voltage reference. In this way the PTAT cir 
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cuits described previously can be cascaded to generate higher 
output PTAT Voltages. It will be appreciated that the output 
voltage of a PTAT cell or a cascaded circuit can be added to a 
corresponding complimentary to absolute temperature, 
CTAT, Voltage to generate a temperature compensated band 
gap type Voltage reference with little or no temperature sen 
sitivities. 

FIG. 14 shows an example of a circuit provided in accor 
dance with the present teaching comprising CTAT and PTAT 
components. The circuit comprises a PTAT cell such as those 
described previously. In addition a CTAT cell is incorporated 
such that the output of the overall circuit is a combination of 
the CTAT and PTAT cells. As shown in FIG. 14 the circuit is 
configured to incorporate a CTAT bias current. The base 
emitter voltage of an NPN configured bipolar transistorqn3 is 
mirrored via an amplifier, A, across a resistor r1. A second 
NMOS device mn2 is configured to force a CTAT current 
from the supply line, vold, and the diode connected PMOS 
device mp1 through the resistor r1. This current is then mir 
rored via a second PMOS transistor, mp.2, to bias the three 
arms of the PTAT circuit consisting on qp1, qn1, mn1; qp2. 
qn2, qp3, qn3. A base-emitter Voltage divider is inserted 
between the base and emitter terminals of bipolar transistor 
qn1. It will be appreciated that this divider functions to extract 
a fraction of base-emitter voltage which balances the tem 
perature coefficient of the PTAT Voltage developed between 
the nodes of and ground. 
A circuit according to FIG. 14 was simulated with the 

conditions: 
qp1, qp3, qn2, qn3, unity emitter bipolar transistors; 
qn1, qp2, twenty five unity emitter bipolar transistors; 
resistors having values: r1=55 kohm, r2=550 kohm, 

r3=184 kohm. 
The simulated voltage vs. temperature at the node “o3” is 

plotted in FIG. 15 
It will be appreciated that a circuit such as that described 

with reference to FIG. 14 can be stacked or cascaded to 
generate larger output Voltages. For example, for a stack of 
two base-emitter—CTAT cells and a corresponding base 
emitter Voltage divider a double reference voltage can be 
generated. In a similar fashion mode PTAT cells can be 
stacked and larger reference Voltage can be generated. 

It will be appreciated that circuits provided in accordance 
with the present teaching provide a number of advantages 
including: 

the output Voltage, proportional to absolute temperature, is 
very consistent with reduced variability due to the pro 
cess change and mismatches; 

low noise; 
self biased with a single resistor; 
high PSRR: and 
very low non-linearity. 
It is however not intended to limit the present teaching to 

any one set of advantages or features as modifications can be 
made without departing from the spirit and or scope of the 
present teaching. 
The systems, apparatus, and methods of providing a tem 

perature dependent voltage output are described above with 
reference to certain embodiments. A skilled artisan will, how 
ever, appreciate that the principles and advantages of the 
embodiments can be used for any other systems, apparatus, or 
methods with a need for a temperature sensitive output. 

Additionally, while the base-emitter voltages have been 
described with reference to the use of specific types of bipolar 
transistors any other Suitable transistor or transistors capable 
of providing base-emitter Voltages could equally be used 
within the context of the present teaching. It is envisaged that 
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8 
each single described transistor may be implemented as a 
plurality of transistors the base-emitters of which would be 
connected in parallel. For example, where circuits in accor 
dance with the present teaching are implemented in a CMOS 
process, each transistor may be implemented as a plurality of 
bipolar Substrate transistors each of unit area, and the areas of 
the transistors in each of the arms would be determined by the 
number of bipolar substrate transistors of unit area connected 
with their respective base-emitters in parallel. 

In general, where the circuits according to the present 
teaching are implemented in a CMOS process, the transistors 
will be bipolar substrate transistors, and the collectors of the 
transistors will be held at ground, although the collectors of 
the transistors may be held at a reference voltage other than 
ground. 

Such systems, apparatus, and/or methods can be imple 
mented in various electronic devices. Examples of the elec 
tronic devices can include, but are not limited to, consumer 
electronic products, parts of the consumer electronic prod 
ucts, electronic test equipment, wireless communications 
infrastructure, etc. Examples of the electronic devices can 
also include circuits of optical networks or other communi 
cation networks, and disk driver circuits. The consumer elec 
tronic products can include, but are not limited to, measure 
ment instruments, medical devices, wireless devices, a 
mobile phone (for example, a Smart phone), cellular base 
stations, a telephone, a television, a computer monitor, a 
computer, a hand-held computer, a tablet computer, a per 
Sonal digital assistant (PDA), a microwave, a refrigerator, a 
Stereo system, a cassette recorder or player, a DVD player, a 
CD player, a digital video recorder (DVR), a VCR, an MP3 
player, a radio, a camcorder, a camera, a digital camera, a 
portable memory chip, a washer, a dryer, a washer/dryer, a 
copier, a facsimile machine, a scanner, a multi-functional 
peripheral device, a wrist watch, a clock, etc. Further, the 
electronic device can include unfinished products. 

Unless the context clearly requires otherwise, throughout 
the description and the claims, the words "comprise.” “com 
prising,” “include.” “including, and the like are to be con 
Strued in an inclusive sense, as opposed to an exclusive or 
exhaustive sense; that is to say, in the sense of “including, but 
not limited to.” The words “coupled' or “connected, as gen 
erally used herein, refer to two or more elements that may be 
either directly connected, or connected by way of one or more 
intermediate elements. Additionally, the words “herein.” 
“above.” “below, and words of similar import, when used in 
this application, shall refer to this application as a whole and 
not to any particular portions of this application. Where the 
context permits, words using the singular or plural number 
may also include the plural or singular number, respectively. 
The words 'or' in reference to a list of two or more items, is 
intended to cover all of the following interpretations of the 
word: any of the items in the list, all of the items in the list, and 
any combination of the items in the list. All numerical values 
provided herein are intended to include similar values within 
a measurement error. 

The teachings of the inventions provided herein can be 
applied to other systems, not necessarily the circuits 
described above. The elements and acts of the various 
embodiments described above can be combined to provide 
further embodiments. The act of the methods discussed 
herein can be performed in any order as appropriate. More 
over, the acts of the methods discussed herein can be per 
formed serially or in parallel, as appropriate. 

While certain embodiments of the inventions have been 
described, these embodiments have been presented by way of 
example only, and are not intended to limit the scope of the 
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disclosure. Indeed, the novel methods and circuits described 
herein may be embodied in a variety of other forms. Further 
more, various omissions, Substitutions and changes in the 
form of the methods and circuits described herein may be 
made without departing from the spirit of the disclosure. The 
accompanying claims and their equivalents are intended to 
cover such forms or modifications as would fall within the 
Scope and spirit of the disclosure. Accordingly, the scope of 
the present inventions is defined by reference to the claims. 

What is claimed is: 
1. A proportional to absolute temperature, PTAT circuit, 

the circuit comprising: 
a bias current; 
a plurality of bipolar transistors arranged in first, second 

and third arms of the circuit and configured to generate 
a proportional to absolute temperature Voltage at an 
output of the circuit that is dependent on individual ones 
of the plurality of bipolar transistors, wherein: 
each of the arms includes a bipolar transistor that corre 

sponds to a bipolar transistor of another one of the 
arms, 

each of the first arm, second arm and third arms are 
coupled to the same bias current such that the bias 
current is divided into respective currents flowing 
through each of the arms, and 

the bipolar transistors are configured such that each of 
the arms compensates for current variations in the 
currents flowing through the other arms, the varia 
tions caused by mismatches between the correspond 
ing bipolar transistors. 

2. The circuit of claim 1 wherein the proportional to abso 
lute temperature Voltage provided at the output is related to a 
base-emitter Voltage difference generated from an emitter 
ratio of a first set of bipolar transistors operating at a first 
collector current density and a second set of bipolar transis 
tors operating at a second, lower, collector current density. 

3. The circuit of claim 2 comprising an amplifier and 
wherein the base-emitter voltage difference generated from 
the emitter area ratio is reflected across the amplifier to the 
output. 

4. The circuit of claim 1 wherein each arm comprises at 
least one transistor provided in a PNP configuration, the cir 
cuit being configured such that emitters of individual PNP 
transistors of each of the first, second and third arms are 
coupled to a common node that is biased by the bias current. 

5. The circuit of claim 4 wherein a first arm of the circuit 
comprises a PNP transistor having a unity emitter size and a 
second arm of the circuit comprises a PNP transistor having a 
multiple, n, emitter size, the circuit being configured togen 
erate a voltage at the output that is first order independent of 
the bias current and proportional to the multiple n. 

6. The circuit of claim 4 comprising a plurality of bipolar 
transistors configured in an NPN configuration and wherein 
each of a first arm and a second arm of the circuit comprises 
at least one NPN configured transistor and at least one PNP 
configured transistor, the first arm operating at a first collector 
current density and the second arm operating at a second, 
lower, collector current density, the circuit being configured 
to generate a base emitter Voltage difference at the output of 
the circuit. 

7. The circuit of claim 6 wherein the NPN configured 
transistors have a different emitter area to the PNP configured 
transistors. 

8. The circuit of claim 1 wherein the bias current is pro 
vided by a current source coupled to a Supply Voltage of the 
circuit. 
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9. The circuit of claim 1 wherein the bias current is pro 

vided by coupling a Supply Voltage of the circuit to an imped 
ance element, the Voltage provided by the Supply Voltage 
being reflected across the impedance element to form the bias 
Current. 

10. The circuit of claim 3, wherein the amplifier is a MOS 
device, and wherein individual ones of the bipolar transistors 
and the MOS device provide a nested amplifier, the MOS 
device having an output impedance that is reduced by a loop 
gain factor of the amplifier. 

11. The circuit of claim 1 wherein the bipolar transistors are 
all provided in a NPN configuration. 

12. The circuit of claim 1 wherein individual transistors of 
the third arm are provided in a diode connected configuration. 

13. The circuit of claim 12 wherein the diode connected 
transistors of the third arm are provided as an array of similar 
transistors. 

14. The circuit of claim 1 wherein individual transistors are 
arranged in a Darlington pair configuration Such that current 
amplified by a first transistor is further amplified by a second 
transistor. 

15. A proportional to absolute temperature, PTAT, source 
comprising a plurality of circuits as claimed in claim 1 cas 
caded relative to one another to generate a higher output 
voltage than available from individual ones of the plurality of 
circuits. 

16. The circuit of claim 1, wherein the bias current is 
divided equally between the first, second and third arms when 
the corresponding bipolar transistors are matched, and 
wherein the bipolar transistors are interconnected such that 
the equal division of the bias current is maintained when the 
corresponding bipolar transistors are mismatched, thereby 
reducing a mismatch induced variation in the proportional to 
absolute temperature Voltage. 

17. A Voltage reference circuit comprising: 
a proportional to absolute temperature, PTAT circuit, the 
PTAT circuit comprising 
a bias current, and 
a plurality of bipolar transistors arranged in first, second 

and third arms of the circuit and configured to gener 
ate a proportional to absolute temperature Voltage at 
an output of the PTAT circuit that is dependent on 
individual ones of the plurality of bipolar transistors, 
wherein each of the first arm, second arm and third 
arms are coupled to the same bias current Such that the 
bias current is divided into each of the arms and each 
of the arms compensates for bias current variations in 
the other of the arms; 

a complimentary to absolute temperature, CTAT, circuit, 
the CTAT circuit configured to generate a complimen 
tary to absolute temperature Voltage at an output of the 
CTAT circuit; and 

wherein the PTAT circuit and the CTAT circuit are coupled 
to one another to compensate for temperature variations 
in response characteristics of the other of the CTAT 
circuit and temperature circuit. 

18. A method of providing a proportional to absolute tem 
perature, PTAT, Voltage, the method comprising: 

providing a circuit comprising a plurality of bipolar tran 
sistors arranged in first, second and third arms of the 
circuit, wherein each of the arms includes a bipolar 
transistor that corresponds to a bipolar transistor of 
another one of the arms; 

coupling each of the first arm, secondarm and third arms to 
a single bias current such that the bias current is divided 
into respective currents flowing through each of the 
arms, 
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configuring the bipolar transistors to generate a proportional 
to absolute temperature voltage at an output of the circuit that 
is dependent on individual ones of the plurality of bipolar 
transistors; and 

configuring the bipolar transistors such that the current 
flowing through each of the arms compensates for varia 
tions in the currents flowing through the other arms, the 
variations caused by mismatches between the corre 
sponding bipolar transistors. 

19. The method of claim 18 comprising generating a base 
emitter Voltage difference between a first set of bipolar tran 
sistors operating at a first collector current density and a 
Second set of bipolar transistors operating at a second, lower, 
collector current density, the base emitter voltage difference 
having a PTAT dependence. 

20. The method of claim 19 comprising providing a MOS 
device and reflecting the base-emitter voltage difference 
across the MOS device to the output of the circuit. 

21. The method of claim 18 comprising providing in each 
arm at least one transistor provided in a PNP configuration, 
emitters of individual PNP transistors of each of the first, 
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second and third arms being coupled to a common node that 
is biased by the same bias current, a first arm of the circuit 
comprising a PNP transistor having a unity emitter size and a 
Second arm of the circuit comprising a PNP transistor having 
a multiple, n, emitter size, the method further comprising 
generating a Voltage at the output that is first order indepen 
dent of the bias current and proportional to the multiple n. 

22. The method of claim 18, further comprising: 
configuring the bipolar transistors such that the bias current 

is divided equally between the first, second and third 
arms when the corresponding bipolar transistors are 
matched, wherein the configuring of the bipolar transis 
tors such that the current flowing through each of the 
arms compensates for variations in the currents flowing 
through the other arms includes interconnecting the 
bipolar transistors such that the equal division of the bias 
current is maintained when the corresponding bipolar 
transistors are mismatched, thereby reducing a mis 
match induced variation in the proportional to absolute 
temperature Voltage. 

:k k k k k 


